I. INTRODUCTION EEE 802.11a wireless local area networks (WLANs) I support packetized transmission at a high data rate up to 54Mbps [ 11. Orthogonal frequency division multiplexing (OFDM) is used as the modulation technique. Before data can be demodulated, OFDM frames need to be time-synchronized.
Since a sequence of known OFDM symbols is embedded into the preamble of each data packet, timing synchronization can be achieved by detecting the end time of this sequence. To detect the end time, the receiver can use a sliding correlator to correlate the received signal with the waveform of a known OFDM symbol in the preamble. Implementation of this correlator, however, involves significant complexity. It will be shown that straightforward implementation of this correlator results in the need to perform 320 million complex multiplications per second. In this paper, correlators that eliminate the need to perform multiplication are designed. Several multiplierless correlators are found. In particular, comparison among these correlators identifies a good one that requires to perform only 26 additiodsubtraction operations per correlator output while a similar synchronization performance can be maintained. Using this multiplierless correlator leads to considerable reduction in the implementation complexity of receivers. The advantage to implement IEEE 802.1 la WLAN receivers at a lower complexity (and hence a lower cost) is of significance in the field of consumer electronics as one emerging application of WLANs is the in-house distribution of audio-visual signals [2], [3] . This paper is organized as follows. Section I1 provides a background on the timing-synchronization aspects for IEEE 802.1 l a WLANs. The design of multiplierless correlators is carried out in Section 111. Conclusions are given in Section IV. Several appendices follow. A mathematical model of the timing-synchronization procedure is given in Appendix I. This model is used in Appendix I1 to analyze the timingsynchronization performance for AWGN channels. The result is used in the design of multiplierless correlators. Appendix 111 details the simulation conditions under which the goodness of the multiplierless correlators designed here is evaluated.
11. TIMING SYNCHRONIZATION IN IEEE 802.1 1A WLANS A 1 6 p preamble having a structure shown in Fig. 1 is inserted at the beginning of each data packet. The preamble is divided into two subpreambles. The first one consists of ten identical, short OFDM symbols each having a length of 80011s. The second one comprises two long OFDM symbols each of length 3 . 2~s preceded by a 1 . 6~s cyclic prefix. The first subpreamble is used for initial detection of the signal, automatic gain control, diversity selection, coarse frequencyoffset compensation and timing synchronization. The second one enables channel estimation and fine frequency-offset compensation.
It is known that frequency-offset estimation can be accomplished by performing two FFTs on the portion of signal comprising two repeated symbols and then measuring the phase rotation [4] . Since the first subpreamble is a repetition of identical symbols, the signal is periodic with a period of 800ns. The receiver can choose any 1 . 6~~ window to perform FFTs and needs not know the exact timing of symbol boundaries. On the other hand, it is required to detect the end of the first subpreamble. This time reference enables the receiver to locate the time instant in the second subpreamble at which the FFT window for fine frequency-offset compensation begins, and the starting time instant for data demodulation of OFDM symbols. To detect the end of the first subpreamble, the receiver can correlate the received signal with the short OFDM symbol. The presence of a correlation peak indicates that the first subpreamble has not passed while the absence of an expected correlation peak is an indication that the current time position is at 800ns in the second subpreamble. A sliding correlator, which produces correlation results at a rate equal to the rate of incoming signal samples, is required because the receiver needs to perform rapid synchronization in a short time. A sampling rate of 20MHz is recommended in the digital implementation of the correlator.2 Note that both coarse frequency-offset compensation and timing synchronization are carried out simultaneously. A large frequency offset may be present during Correlation. Despite this, it is shown in [5] that this frequency offset does not normally have a significant effect on the timingsynchronization performance.
DESIGN OF MULTIPLIERLESS CORRELATORS
The sliding correlator used for timing synchronization correlates the received signal samples with the short OFDM symbol. Since the rate of the received signal samples is 20MHz and the short OFDM symbol has a length of 800ns, it follows that 16 signal samples are respectively multiplied with 16 correlator coefficients to generate one correlator output. Let {r,} be the sequence of complex-valued received signal samples3, and {Efl} be the sequence of (complex-valued) correlator outputs obtained at the same rate of the received signal samples. The correlation equation is given by 4 It is apparent that these coefficients are in general complex-valued.
Since the correlator generates its outputs at a rate of 20MHz, and since 16 complex multiplications are involved in the generation of one output, the correlator that employs Em's needs to perform 320 million complex multiplications per second. This significant requirement can be eliminated by using multiplierless correlators that are developed as follows.
It is easy to show that if the real and imaginary parts of the correlator coefficients can be expressed as sums of powers of two (i.e., in the form E, 2-" where the n values are integers), only shifting and addition operations are required in the implementation so that the need to perform multiplication can be removed. We impose the constraint that the real and imaginary parts of g, satisfy m=l where the quantization step size A is given by A = 2-", n Note that the data listed in Table 1 It is desirable to select a set of g , 's that can achieve the best synchronization performance. However, determination of this optimal set requires exhaustive search, which is computationally prohibitive especially when A is small. To reduce the effort to a manageable level, we adopt the following two-step approach. We first identify sets of correlator coefficients that yield good synchronization performance in terms of the probability of synchronization failure, Pfalr, for simple AWGN channels. Considering AWGN channels is because the expression to compute Pfalr is available, and computing Pfalr based on the formula is computationally much less demanding than obtaining it via simulation. Hence, identifying good sets of coefficients can be accomplished quickly. The second step is to verify the goodness of these sets for typical indoor communication environments by simulating the synchronization performance for multipath fading channels. The correlator coefficients are determined by
where gm is given by (2), c is a scale constant the same for all m and is to be determined, and quan(x) is the quantization function that maps the real number x into an allowable value specified by (3). It follows that
wherek=1,2;..,+-1.
t'
We select the value of c that minimizes Pya,/ for AWGN channels. The expression of Pfalr is derived in Appendix I1 and is given by (29). Then the corresponding set of gm's is obtained by (4). The sets of correlator coefficients obtained by this method' for A E (0.25, 0.5, l} are listed in Table 2 . The corresponding implementation equations, obtained by expanding (1) with the respective sets of g,'s, are listed in Table 3 .
The goodness of these sets are verified by simulating Pfolr for multipath Rician fading channels, which are appropriate to model the characteristic of indoor radio channels . The simulation conditions are detailed in Appendix 111. Fig. 2 plots PmZr against E , / N , for sets of g, 's shown in Table 2 under the conditions that z , , = 50ns and K E {--dB, 6dB). (Note that when K = -mdB, the channel becomes a Rayleigh-fading channel.) The Pfall curve for the case that employs Em's is also plotted as a reference case for comparison. Each Pfall value was obtained by performing lo6 simulation runs, except when E , / N , 2 20dB
and K = 6dB, where lo7 simulation runs were used to achieve better accuracy. It is apparent from Fig. 2 that multiplierless correlators using g,'s for A = 0.25 and A = 1 results in a synchronization performance close to, and most often slightly better than, that achieved by a non-multiplierless correlator using Em's. For the case of A = 0.5, the performance is slightly worse than that of the reference case. Therefore, it is desirable to use the sets of correlator coefficients with A = 0.25 and A = 1.
Although both sets of correlator coefficients developed under the conditions of A = 0.25 and A = 1 yield similar synchronization performance, a correlator with A = 1 is preferred since it is less complex in the implementation. This advantage is illustrated in Table 4 , which lists the numbers of two-input additiodsubtraction operations on binary numbers (not complex-valued numbers) required in the implementation of multiplierless correlators for different A . It is apparent that for the case of A = 1, only 26 two-input additiodsubtraction calculations are involved in the generation of one correlator output. In comparison with the case of A = 0.25, which requires to perform 38 such calculations in generating one correlator output, a saving of (38-26)/38 = 32% in the implementation complexity can be obtained.
IV. CONCLUSIONS
In this paper, we have designed multiplierless correlators that can be used for low-complexity implementation of timingsynchronization circuits in IEEE 802.1 1 a WLANs. It has been found that the correlators developed under the conditions of A = 0.25 and A = 1 attain synchronization performances close to that achieved by a non-multiplierless correlator using a straightforward choice of correlator coefficients. It follows that using the developed multiplierless correlators achieve a similar synchronization performance while a considerable reduction in the implementation complexity can be obtained. For the two multiplierless correlators with A = 0.25 and A = 1, it has been shown that the one using A = 1 requires less number of additiodsubtraction operations in generating correlator outputs than the other one does. In practical implementation, it is therefore preferred to use the multiplierless correlator with A = 1, where the implementation equations are listed in the last row of Table 3 and only 26 additiodsubtraction operations are required to compute one correlation output.
APPENDIX I. MATHEMATICAL MODEL OF THE TIMING-SYNCHRONIZATION PROCEDURE
The OFDM signal specified in the standard [l] comprises 52 subcarriers numbered from -26 to +26 with no signal transmission at the zeroth subcarrier. All subcarriers are utilized to generate the long OFDM symbol. For the short one, transmission is confined to the subcarriers whose numbers are multiples of 4, so that only 12 subcarriers are used. The complex envelope of the preamble, s ( t ) , is given by [ 11 Data-bit energy to noise ratio (dB) 
where (a) TpI = 8ps and Tp2 = 8ps are the lengths of the first and second subpreambles, respectively, (b) TCr2 = 1 . 6~~ is the length of the cyclic prefix of the second subpreamble, (c) w(t,, t 2 ) is the raised-cosine window given by wherein TTR = loons, (d) P is the signal power, (e) A f = 312.5kHz is the subcarrier spacing, and (f) B, = 52-"2Sk and c k = 5 2 d 2 L, are pilot symbols used to generate the short and long OFDM symbols, respectively, wherein S, and L, are given by Eqns. (6) and (8), respectively, of [l] . We mention that Bo = CO = 0, and B, = 0 for k not a multiple of 4.
The complex envelope of the received signal after RF 
where z , , is the fractional time'offset modeled by a uniform random variable over [ -cam , Tam 1. It is possible that the noise components of rn ' s are correlated where the correlation depends on the frequency response of the RF filter and the sampling rate. Since the filter bandwidth is approximately 2OMHz and the sampling rate is also 20MHz, it is assumed that this correlation is negligible. A sliding correlator is used to process the received signal samples. We denote T,, = 800ns as the length of the short OFDM symbol. The correlator output obtained at time n c a m + zSbm is computed by m=l where is the number of signal samples involved in correlation, and the g,, m = 1,2,..., M , are the correlator coefficients that constitute a short OFDM symbol. p o t e that (1) is reproduced here as (1 l).] The synchronization procedure is as follows. The time location of the correlation peak and its value are identified by searching for the maximum value of lSnI2 over the obtained correlqtion results. After the correlation peak is located, the next Mth correlation result is compared with the maximum value of IEnI2 to determine if another correlation peak is present. The search for expected correlation peaks continues until an absence is identified, in which the second subpreamble is entered. Note that a new correlation result is generated every sampling instant so that the maximum value of lZnl2 and the corresponding time location are regularly updated. Let p c and n, be the maximum value of and the corresponding time location, respectively, recorded at the ith sampling instant but excluding the current correlation result. They are given by hPPENDIX 11. PROBAEHLJTY OF SYNCHRONIZATION FAILURE FOR AN AWGN CHANNEL In the analysis we follow the suggestion of the specifications [ 11 that the last three short OFDM symbols are used for timing synchronization, although in practice it may begin earlier or later. It follows that correlation peaks occur at n = S M , 9 M and 10M. At n = 11M, the value of IEnI2 drops significantly. An event of false alarm arises when (15) is satisfied for n = 9 M or 10 M . A miss occurs when (1 5) is not satisfied for n = 11M. A synchronization failure is an event where either a false alarm or a miss occurs.
We consider an AWGN channel so that the channel impulse response is given by h( t ) = 1. For simplicity in the derivation, we assume that a rectangular window instead of a raisedcosine one is used in (6). Expanding (10) by (8) In (1 9), the signal-to-noise ratio (SNR) is computed by SNR = P/(NoW) > and For z , , , > 0, the second subpreamble has a minor contribution to E'1oM. We ignore this minor contribution in the derivation of (16) in order to keep the expression of ElOM consistent to
The probability of false alarm in a single comparison is defined as the probability that P, u9M > (E9M12 .(or > IEloM12) . The probability of miss is the probability that j3pllM I lEllM12. Conditioned on zSum, the probability of false alarm in a single comparison, Pfu(.), and the probability of miss, Pm(.), are given by those of E, and E, M . where -denotes "follows the distribution of' and FC2(A1,A2)
is the doubly noncentral F-distribution with 2,2 degrees of fi-eedom and noncentrality parameters ill ,A2 [9] . It is known that [IO] where e(.,.) is Marcum's Q function and Zo(.) is the modified Bessel function of the first kind and order zero. Applying the relationships (26) and (27) to (24) and (25), respectively, and making use of the result (28), we obtain closed-form expressions of P f a (~s a m ) and Pm(zSum). (t -lT,) where (a) A and $ J are the deterministic gain and random phase, respectively, of the direct path, (b) ( x p and Be are the gain and phase of the eth faded path, modeled by, respectively, a Rayleigh-distributed random variable with avariance a: and a uniform random variable over [0, 2n), (c) L is the number of resolvable paths or the number of taps in the channel model, and (d) T, is the inverse of the signal bandwidth. We use TB = 50ns since the signal occupies approximately 20MHz [l] . Note that a, and 8,, L = OJ,. . . , L -1, are statistically independent. The Rician factor, K , is given by K = A2/CL-' e=o a2 e . The channel dispersion is modeled by an exponential function, which is appropriate for modeling indoor radio channels in wireless LANs [12] . It is assumed that the channel has a unity gain so that A 2 + C : : : 2 = 1. We calculate A and a: by ) where zrm, is the RMS delay spread of the Rayleigh-faded components.
In the simulation, we considered that zrms = 50ns and K E {--dB, 6dB). We set L = 10 for maintaining adequate accuracy in the generation of the exponential channel dispersion without incurring excessive simulation time. In each simulation run, a realization of h ( t ) [given by (31)] was substituted into (8) to yield r ( t ) . The sequence of received signal samples, {rn} was then obtained from r ( t ) by (10) with a randomly generated T,,,.
Afterwards, the sequence of correlation outputs { E n } was computed. The synchronization procedure was then carried out. The declared synchronization point was compared with the time instant of the end of the first subpreamble. If the declared synchronization point was different from the actual end of the first subpreamble by more than a given tolerance, a synchronization failure was counted. Since OFDM is rather robust to small time offsets as a result of the inclusion of cyclic prefix (800ns) in the data format [13] , in the simulation a tolerance of f300ns was given. The value of Pfoir was computed as the ratio of the number of synchronization failures to the total number of simulation runs.
